Polymerization of Olefins Through Heterogeneous Catalysis.
XVII. Experimental Study and Model Interpretation
of Some Aspects of Olefin Polymerization Over a

TiCl,/MgCl, Catalyst

G. C. HAN-ADEBEKUN,* W. H. RAY

Department of Chemical Engineering, University of Wisconsin, 1415 Johnson Drive, Madison, Wisconsin 53706

Received 19 August 1996; accepted 6 September 1996

ABSTRACT: Using a high-activity MgCly-supported TiCl, catalyst, kinetic studies of
ethylene and propylene polymerization are conducted in a semi-batch gas phase stirred-
bed reactor system. Based on the experimental observations obtained from this study
and others in the literature, simple kinetic mechanisms are proposed to explain the
data. This model considers both the site formation from the interaction of catalyst and
cocatalyst as well as the participation of monomers during site activation. By using
this model together with parameters estimated from various sources, some aspects of
kinetic behavior have been successfully predicted. These include the rate enhancement
introduced by a-olefins, the effect of the Al/Ti ratio on kinetic features such as catalyst
activity and decay rate, as well as the different reaction orders observed for various
monomers. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1037-1052, 1997
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INTRODUCTION

Since the discovery of high-activity-supported tita-
nium catalysts, intensive research efforts have been
directed toward a comprehensive understanding of
their structure and kinetic behavior.'®In spite of
their successful applications in industrial practice,
a complete knowledge of these catalyst systems is
still lacking. Some of the unresolved issues relate
to the active site structure and its formation, as well
as the role of components such as the cocatalyst and
electron donor and their influence on the catalyst
kinetic behavior.

Previous research seems to suggest two major
functions of aluminum alkyl in olefin polymeriza-
tion with transition metal catalysts; it acts as a
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key agent for transition metal oxidation state re-
duction, and also as an aid in bimetallic active
site formation. Its role in the transition metal oxi-
dation state reduction has been widely demon-
strated through both physical analysis and chem-
ical measurements. Using techniques such as
electron spin resonance spectrometry (ESR),*
photometry,® chemical ionization—mass spec-
trometry (CI-MS),® X-ray absorption spectros-
copy,” and chemical titration methods,*® the oc-
currence of oxidation state reduction upon the
mixing of catalyst and cocatalyst has been con-
firmed. However, an explanation of the role of the
aluminum alkyl in the active site structure is far
from complete. This is especially true for the sup-
ported catalyst systems, where many more reac-
tions could be possible due to additional compo-
nents such as active supports and Lewis bases.
Even so, in the process of seeking the connec-
tion between the oxidation states and kinetic be-
haviour of these catalysts during polymerization,
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their sensitivity toward monomer type was exam-
ined. Studies begun by Soga, Ohnishi, and Sano®
and continued by Kashiwa and Yoshitake®
showed that Ti?" is active for both ethylene and
a-olefins, while Ti?* is only active for ethylene.
This seems to suggest that relating the different
oxidation states to the active centers is a reason-
able approach in model interpretation.

Studies also appear to indicate that the mono-
mer plays a significant role in site activation. a-
Olefins differ inherently from ethylene in several
ways, including their considerable double bond
polarity, high dipole moments,'' and Lewis base
nature.'? Consequently, it is not surprising to ob-
serve that under the same operating conditions,
ethylene polymerization exhibits kinetic behavior
significantly different from that of other olefins.
More generally, ethylene polymerization sites are
much more stable than those of propylene, as has
been observed in several studies.’**' Further-
more, the rate of propylene homopolymerization
shows a linear dependence on monomer concen-
tration, '>?? while in ethylene polymerization, sev-
eral reports have confirmed the existence of reac-
tion orders higher than one.??~2*

The fact that the phenomena noted above have
not been quantitatively modeled or used to inter-
pret other observed kinetic behavior provides the
motivation for this article. Our objective was two-
fold. First, using a supported titanium catalyst of
commercial importance, we conducted a series of
experimental studies in a semi-batch gas phase
reactor system in order to examine the roles of
both the aluminum alkyl and different monomers
during polymerization. These data were subse-
quently employed to postulate both a kinetic
scheme and mathematical model in which the
model parameters corresponding to the postu-
lated mechanism were estimated. Secondly, the
resulting kinetic models have been used to pro-
vide an interpretation of our results as well as
those of other researchers. During the model de-
velopment, a conscious attempt was made to limit
the number of parameters. This greatly reduces
the number of experiments required for parame-
ter estimation, but it still yields a simple but real-
istic model suitable for predicting the observed
kinetic behavior.

EXPERIMENTAL DESIGN

In this section, the experimental reactor system
and procedures are described. A discussion of the
postreaction analysis is also included.

Experimental System

Gas phase kinetic studies were performed in a
one-liter stainless steel reactor (Parr Instrument
Company). A detailed description of this experi-
mental apparatus is presented in ref. 25.

In order to control the contact time of cocatalyst
and catalyst, the catalyst injection device is de-
signed to have three sections; the bottom section
consists of the dry catalyst chamber while the
mid-section contains the cocatalyst chamber. The
top section contains the heptane bomb, which is
used for washing the catalyst residue after the
nitrogen injection. Swagelok ball valves connect
the three sections so that an aging time varying
from five minutes to several hours can be realized.

Experimental Procedures

In a typical polymerization run, the reactor is pre-
pared by heat evacuation at ~ 80°C for 2 h. A
constant nitrogen purge is then applied at the
same temperature for an hour and the reactor is
brought to the reaction temperature. Simultane-
ously, catalyst and cocatalyst are loaded into the
corresponding chambers of the catalyst injection
device (previously stored under vacuum at 40—
45°C for at least 2 h). Catalyst aging is initiated
by opening the valves connecting the catalyst and
cocatalyst chambers. They remain contacted at
room temperature for the required period of time.
Following this, the mixture of catalyst and cocata-
lyst is injected into the reactor by means of nitro-
gen overpressure. The catalyst injection process
is completed by several heptane washes and nitro-
gen shots; polymerization is then initiated by the
introduction of monomer.

Postreaction Analysis

The postreaction analysis carried out includes a
comparison among the following methods: inte-
grated yield, gravimetric yield (Fig. 1), and resid-
ual metal analysis of polymer. Analysis of the re-
sidual metals (Ti, Mg, and Al) in the polymer was
used as a consistency check for the effectiveness
of the catalyst and cocatalyst delivery system.?
For residual metal, neutron activation analysis
(NAA)*" was employed. This nondestructive tech-
nique has several advantages over other methods
which are in common usage.? Titanium content
and Al/Ti ratio obtained from the NAA measure-
ments were compared with those calculated from
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Figure 1 Comparison between the integrated yield
and gravimetric yield obtained in the gas phase reactor
system. The dashed lines represent the 95% confidence
interval.

the catalyst and cocatalyst loadings and showed
that consistent delivery of catalyst and cocatalyst
was achieved within the experimental region. As
a further check, the magnesium content in the
final polymer, which comes from the support, was
found to increase linearly with titanium content.

EXPERIMENTAL OBSERVATIONS

All the experiments presented below were con-
ducted at 50 = 1°C using a high-activity magne-
sium chloride-supported titanium catalyst. Tri-
ethyl aluminum (TEA) was used as the cocatalyst
in all the studies.

To study the possible participation of monomer
in site activation, the instantaneous reaction
rates of ethylene and propylene are compared.
Their responses as a function of the monomer con-
centration are also investigated. To examine the
role of TEA in site formation, the effect of the Al/
Ti ratio on ethylene homopolymerization is exam-
ined. Finally, the effect of catalyst aging time on
both ethylene and propylene homopolymerization
is studied.

Instantaneous Reaction Rate Curves

In general, ethylene exhibits reaction rate curves
quite different from those of propylene (Fig. 2).
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While the propylene homopolymerization rate de-
creases continuously, the ethylene rate reaches a
stationary activity (which decreases very slowly,
if at all).

An examination of the effect of intermittent re-
moval and re-introduction of monomer on the re-
action rate curve indicates that both ethylene and
propylene rates return quite close to their charac-
teristic rates after the perturbation. This suggests
that in both cases a diffusion limitation is not
responsible for the observed deactivation. How-
ever, the restored reaction rate curve after the
interruption and subsequent re-introduction re-
veals that an activation period of ~ 30 min is
required for ethylene polymerization to reach its
final rate, while none exists for propylene poly-
merization.
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Figure 2 Polymerization reaction rate as a function
of reaction time. (a) Ethylene homopolymerization; (b)
propylene homopolymerization. (7' = 50°C, Al/Ti
=85.5, Pc, = 2.4 atm, Pc, = 3 atm).
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Figure 3 Influence of ethylene partial pressure on
polymerization reaction rates. (a) Monomer partial
pressure sequence; (b) the resultant change in reaction
rate; (c¢) log—log plot of reaction rate versus ethylene
pressure. (T = 50°C, Al/Ti = 86.5).

Effect of Monomer Concentration

The effect of monomer concentration (partial
pressure) on the olefin homopolymerization rate
is investigated during a single reaction run. This
is a good example illustrating the advantages of
employing a gas phase reactor system for the ki-
netic studies. The absence of liquid phase mass
transfer resistance and the rapid equilibrium of
gas species with the polymer means that the sys-
tem is easy to change from one operating condi-
tion to another.

For ethylene polymerization, Figure 3 shows
the resultant changes in reaction rate (plot b)
when the monomer partial pressure change se-
quence (plot a) is impressed on the system. A plot
of the plateau reaction rate versus monomer par-
tial pressure (plot ¢) shows a reaction order of
1.68. It may be observed that this effect is com-
pletely reversible.

By contrast, for propylene homopolymeriza-
tion, the same experiment produces a reaction or-

der close to 1 (Fig. 4). This is consistent with
the results in other studies®*?* over the typical
monomer concentration range. However, because
of the much stronger catalyst decay for propylene
polymerization, the reversible nature is difficult
to observe.

Effect of Al/Ti Ratio

In the literature it is known that the effect of
Al/Ti on propylene polymerization rate shows a
maximum activity at a certain optimum Al/Ti ra-
tio (= 15). This is reported for both slurry phase
systems'*' and gas phase reactor systems.’
Consequently, an experimental study focusing
only on ethylene homopolymerization with differ-
ent Al/Ti ratios was conducted. A reaction tem-
perature of 50°C and a catalyst aging time of ~ 25
min were employed. For ethylene homopolymer-
ization, both an optimum activity behavior (with
optimal Al/Ti ratios of 603! to 100°?) as well as a
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Figure 4 Influence of propylene partial pressure on
polymerization reaction rates. (a) Monomer partial

pressure sequence; (b) the resultant change in reaction

rate; (c) reaction rate versus propylene pressure plot
(T = 50°C, Al/Ti = 86.5).
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Figure 5 Effect of Al/Ti ratios on ethylene homopoly-
merization reaction rates. (T' = 50°C, catalyst aging
time = 25 min, P¢, ~ 2 atm).

monotonic increase of activity (with Al/Ti in the
range of 10 to 120)? have been previously ob-
served. Although the monotonic increase might be
the increasing part of the overall optimum curve,
it is in general true that ethylene polymerization
has a much higher optimum Al/Ti ratio compared
with that of propylene. The results shown in Fig-
ure 5 bear a resemblance to those in other pub-
lished work.”

Effect of Catalyst Aging

Using the catalyst injection device described pre-
viously, the influence of catalyst aging on reaction
rates has been examined. From Figure 6, it is seen
that both the ethylene and propylene reaction
rate curves follow the unperturbed master curve
after the initiation of the monomer feed. These
same phenomena have been reported by Pino and
Rotzinger™ in the slurry phase reactor for both
ethylene and propylene, as well as by Keii et al.*®
and Chien, Weber, and Hu® for slurry propylene
polymerization. These studies indicate that the
catalyst activity is strongly influenced by the ac-
tion of the cocatalyst whether or not polymeriza-
tion is taking place.
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MODEL DEVELOPMENT

Based on the experimental observations, a realistic
model must account for both the role of TEA in site
formation as well as monomer participation in site
activation. This is accomplished in two separate
steps. First, we focus on the potential site (C,y)
formation through the reaction of catalyst and coca-
talyst. Subsequently, we allow C,. to be activated
by monomer to form an active site (P**).

Site Formation from Catalyst and
Cocatalyst Interaction

In this section, a model is proposed for the cata-
lyst/cocatalyst interaction and the parameters of
the model are estimated. When TiCl, catalyst and
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Figure 6 Influence of aging time on the polymeriza-
tion reaction rate. (a) Ethylene homopolymerization;
(b) propylene homopolymerization (7' = 50°C, Al/Ti
=85.1 = 0.5, Pc, = 1.7 atm, Pc, = 3.0 atm).
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aluminum alkyl are mixed, a series of chemical
reactions take place,®® which can result in
changes in the oxidation state of the transition
metal (Ti).

Experimental investigations of catalyst/coca-
talyst reactions can be traced back to the late
1950s when quantitative studies of the reaction
kinetics were carried out by various research-
ers.?*% It was then experimentally observed that
when TiCl, is mixed with alkylaluminum com-
pound, the first reaction step consists of a ligand
exchange, which proceeds rapidly.?” This is then
followed by the reductive dealkylation to a lower
valence state which is believed to be the rate-de-
termining step. A similar mechanism may be as-
sumed to account for further reductions to even
lower valence states. The degree of reduction de-
pends on the Al/Ti ratio employed, the contact
time, and the temperature at which the catalyst/
cocatalyst contact occurs. The assumed mecha-
nism is given by the following steps:

kay,ka_;

kad

EtTiCl, — TiCl, + Et. (1)

For supported catalyst with various components
present, the reactions are believed to be quite
complicated.*®® Although it appears that besides
acting as a reducing agent, TEA also participates
in the active site formation through the formation
of bimetallic active centers, % the true nature of
the structure and mechanism is still uncertain.*
Therefore, a simple schematic model is adopted
here. It is based on the stepwise titanium oxida-
tion state evolution mechanism which is well ac-
cepted'® as described in eq. (2).

kad

Ti** + AlEt, - it 4 (byproducts)

kad

Ti%* + AlEt; — Ti?* + (byproducts)

kad

Ti%* + AlEt, — Ti* + (byproducts)  (2)

The differential equations describing the dynamic
change of oxidation states can be derived from
this kinetic mechanism as

s 4+
AT d [ TEAITI ]
dt
=3+
% — kad,[TEA1[Ti** | — kady[ TEA][Ti%" ]
s24
% — kad [ TEA1[Ti®* | — kads[ TEA][Ti%* ]
%f‘” = —(kady[Ti*" ] + kady[Ti®*]

+ kads[Ti?*])[TEA] (3)
with initial values:

[Ti*"1(z = 0) = [Ti*"],
[Ti*1(¢z = 0) = [Ti*"],
[Ti**1(¢z = 0) = [Ti*"],

[TEAI(z =0) = <1§>
Ti)

mol

where [TiN"] < [=] > is the mole fraction of

mol Ti

total titanium of oxidation state N+, [TEA]
<[_] mol Al

- | is concentration of TEA based on
mol Ti

titanium, and <%> is the effective Al/Ti ratio
eff
present initially in the system. Because of the
complex side reactions involved in supported cata-
lysts, the experimental Al/Ti ratio is often much
greater than the stoichiometric ratio. Therefore,
when supported catalysts are under study, an ef-
fective Al/Ti ratio is used in the model to repre-
sent the “true” aluminum alkyl participating in
the oxidation state reduction. As a result,

(—) is an estimated model parameter.
Ti)/ o

In order to have a model suitable for simula-
tion, the model parameters must be estimated
step by step from different experimental sets. Pa-
rameter kad; is estimated based on data from
Beermann and Bestian, ** where pure chemical re-
action of TiCl, and AlEt; was studied (Fig. 7).
Parameter kad, is estimated from comprehensive
data in Chien, Weber, and Hu,® where a sup-
ported TiCl, catalyst was under study (Fig. 8).
During this process, to fit experimental Ti*" data
reported by Chien while using previously esti-
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Table I Model Parameters for Site Formation

Parameters Units Estimated Values
kad, (Tit* - Tty —mol T 5.00
mol Al, min
kad, (Ti%* - Tizt) Dol T 9.30 x 1072
mol Al, min
kads (Ti2* - Ti*) mol Ti 1.73 x 107

mol Al, min

is estimated to be 1.16.

eff

kad, is then estimated through the fitting of ex-
perimental Ti®" and Ti?" data.® Finally, kads is
calculated assuming that kad,/kad, = kady/kads.

In order to fit the flat Ti®* and Ti?* profile ex-
perimentally observed by Chien, Weber, and Hu,®
(Fig. 8), the fast depletion of free cocatalyst is
necessary. The estimated model parameters are
shown in Table I; these estimates are maintained
at the values in that table in all subsequent mate-
rial.

Using the estimated model parameters, the av-
erage titanium oxidation state after 30 minutes
of reaction is examined at various Al/Ti ratios.
Figure 9 contains the model predictions together
with experimental data by various investiga-
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Figure 9 Average titanium oxidation state versus Al/
Ti mole ratio after 30 min at 25°C showing experimen-
tal data from different authors (refs. 35, 40, 41) and
model predictions (lines) using estimated parameters
in Table I.
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Participation of Monomers in Site Activation

Having modeled the formation of potential sites,
C,ot, through the catalyst/cocatalyst reactions, we
now describe the modeling approach taken in ac-
counting for the role of monomers in site activa-
tion.

To explain the experimental observations dis-
cussed previously, a two-step propagation kinetic
model which includes reversible site activation by
monomer has been proposed by various investiga-
tors.'?*?* Mathematically, this is described by
eq. (4).

kf’kb
Cpot + [M] = PaCt

ky
Pyt + [M]—- Pyt (4)

where C,; represents the concentration of poten-
tial sites, P** the concentration of total active
sites, and P2 the concentration of live polymer

chains with chain length of n (P** = 3 P2%),
n=0
An analytical solution to this model for the cat-
alyst particle yields an expression both for the
dependence of P2 on monomer concentration as
well as for the rate of approach to equilibrium as

KIM]C.. _
act _ _ k, (KIM]1+1)t
P KM+ 1 {1 b }
R, = k,P™[M] (5)

where K equals % and C.. is the total concentra-
b

tion of active sites. Using this model, a variable
order dependence of reaction rate on monomer
concentration can be obtained as is shown below.

Case 1: K[M] > 1

In this case, a first order dependence of rate on
monomer concentration arises and the speed of
site formation is mainly determined by the for-
ward rate constant %,. This is clearly the case for
a-olefins. For certain monomer concentration val-

ues, selecting k—f sufficiently large ensures this
b

condition. For typical operating conditions under
this study, monomer partial pressures are in the
range of 1-5 atm and reaction temperatures are
in the range of 50—80°C. Using the sorption factor
as defined in Hutchinson and Ray,** monomer

concentrations [M] can be calculated to be on the

order of 0.1-0.5 moles . Accord-

L amorphous polymer

ingly, in the subsequent material, % is taken to
be 208.3. ’

Case 2: K[M] < 1

Here, a reaction order higher than one results
and k&, determines the site formation rate. The
polymerization of ethylene clearly belongs to this
regime. For the same operating conditions as in

. k
Case 1, selecting reasonable values of -~ ensures
b

this condition. In this study, g is taken to be 8.0.
b

Note that the success of the mathematical rep-
resentation notwithstanding, the physical picture
of this equilibrium step mechanism is still not
precisely defined. However, this model is consis-
tent with two proposed physical mechanisms: (1)
the monomer insertion is triggered by a second
monomer in the so-called “Triggering” model,*?
and (2) monomer occupies one of the two vacant
sites and serves as a ligand. The ultimate kinetic
behavior is a result of competitive equilibria
among the unsaturated transition metal center,
the aluminum alkyl, and various coordinating li-
gands.??

For both of these physical pictures, the model
is based on the simple ideas presented earlier in
eq. (4), but extended to include two monomers
and two potential active sites. Thus, we have

k k

7 o
Cty + [M;] =—= P***

ki
Ptk 4 [M;]1— Pt * (6)

The physical representation of site i is based on
the transition metal oxidation states as described
previously: site 1 is directly related to Ti®*, while
site 2 is related to Ti?*. Since the transformation
from Ti*" to Ti®" is usually complete within the
catalyst/cocatalyst precontacting period, its con-
tribution to the chain growth is not considered.
Then the total number of sites in each oxidation
state is given by

Nm
[Ti3+]Factivesite = C;Ot + z Paet}

Jj=1

Nm
[Ti2+]FactiVesite = Ciot + z Pact% (7)

Jj=1



where P2 % represents the concentration of total
active sites of type &, which is activated by mono-
mer j and P2** is the concentration of live poly-
mer chains with chain length of n, and Fve site
is the molar fraction of active transition metal.
The following relationships exists between Pi*

and P***%:
Pactl;: z P’z;ctl; (8)
n=0

For both Ti®* and Ti2" sites, an overall first-
order spontaneous deactivation (&) is assumed.
This is based on the experimental observation
from Chien, Weber, and Hu,® where even under
a constant oxidation state distribution, an obvious
deactivation still exists for propylene polymeriza-
tion.

The mathematical equations describing this ki-
netic mechanism are given by

dPact ﬁ
dt

= kp SIM;1C o —

kb }Janct kj
— kady,P* Y[ TEA1S(E — 1)
+ (kadyP**} — kads P> 2)[ TEA]
X 6(k — 2) — kE P (9)

Monomer consumption rates:

Nm
Rf;(Ml) = z kp };'iFactive sitePaCt ];[ML]
j=1
where &, %, is the chain propagation rate constant
L amorphous polymer and

in the unit of - - -
mol, mol active site, min

RE(M;) is the consumption rate of monomer i in

the unit of mol

mol transition metal, min

Table II shows the set of parameters fitted to
the experimental data obtained for ethylene and
propylene homopolymerization under identical
operating conditions (Fig. 10). It is obvious that
for ethylene homopolymerization, the simple
model has difficulty in predicting the initial de-
caying reaction rate. Further work is needed to
understand this.

The dependence of reaction rate on the mono-
mer concentrations is plotted in Figure 11. They
match the experimental observations quite well,
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with an order of 1.66 for ethylene and 1.02 for
propylene.

EXAMPLES

With the model equations established and the
model parameters listed, some other results ob-
served in previous experimental work by various
researchers are simulated. This is done with a
view to evaluating the ability of our model to pre-
dict these observations. Thus, we consider the
possible contribution of oxidation state reduction
to site deactivation (example 1), the effect of Al/
Ti ratio on ethylene and propylene homopolymer-
ization (example 2), the enhancement effect on
ethylene polymerization rate due to the addition
of 1-hexene (example 3), and the change in reac-
tion order with ethylene pressure when 1-hexene
is present (example 4).

Example 1: Role of Oxidation State Reduction
in Deactivation

Let us use the model to interpret some slurry poly-
merization results from Keii et al.'® They exam-
ined the effect of elimination of TEA during poly-
merization on the observed decay rate. After an
interruption in polymerization, the residual solids
were washed with heptane to remove TEA; the
subsequent polymerization rate with the washed
solids in the absence of TEA was observed to be
lower and its decay rate slower when compared
with that of the unperturbed case. Once the TEA
was reintroduced into the system, both the poly-
merization rate and the decay rate returned to
the original values (Fig. 12).

This experiment strongly suggests the possible
role of oxidation state reduction in the site deacti-
vation. In order to illustrate this in more detail,
a simulation is carried out using the proposed
model. First, the model parameters (Table III)
are obtained by fitting the propylene homopoly-
merization rate under the normal operating con-
dition (the unperturbed reaction rate curve shown
in Fig. 12). Subsequently, the effect of elimination
and re-admission of TEA is simulated as a change
in the effective Al/Ti during the reaction and the
influences both on oxidation state and on site acti-
vation.

As is shown in Figure 13, the change in the
decay rate is clearly demonstrated both during
the low TEA period as well as after the re-intro-
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Table II Model Parameters for Ethylene and Propylene Polymerization (50°C, Al/Ti = 86.5)

Parameters Units

Estimated Values

Potential Site-Related

Effective AUTi (—) 1.9
kspd min~! 2.0 x 1073
Propylene Polymerization
. L h 1
R(T) amoifi()lm;sl i}I)lo ymer 50
C5 propagation k,(Ti*) L amorphous polymer 3.8 X 10°
3 Propag P mol, mol transition metal, min )
Ethylgr;s ngmerlzatlon L amorphous polymer 1
ke(Ti%, Ti%") i 8.0 X 10
mol, min
. . L amorphous polymer
C tion k,(Ti®* 6.0 x 10*
2 propagation f,(Ti™) mol, mol transition metal, min
k, (Ti?")
— 1.3
k, (Ti®") =)
Note: & L amorphous polymer _ L amorphous polymer o
™| mol, mol transition metal, min | *| mol, mol active site, min | V¢¥*

duction of TEA. For added comparison, the change
in Ti®" during the entire process is also plotted,
indicating that the change in decay rate may be
due to the slowdown in the reduction of Ti®*
to Ti®".

Example 2: Effect of Al/Ti on Catalyst Activity

As was previously stated, when the effect of Al/
Ti on propylene polymerization was studied, a
maximum activity was observed at an optimum
Al/Ti ratio ranging from 20 to 60. However, when
decay rate was investigated as a function of Al/Ti
ratio, it was reported that propylene deactivation
shows a transition from first-order decay at a low
Al/Ti level to second-order decay at a higher Al/
Ti ratio.’®** A possible explanation for this lies in
the fact that the oxidation state distribution can
change at different levels of Al/Ti. This is simu-
lated using the proposed model with parameters
from Table II.

As is shown in Figure 14, when the effective Al/
Ti ratio is changed from 0.5 to 1.9, the propylene
polymerization rate shows an initial increase fol-
lowed by a decrease, with the deactivation becom-
ing more severe at higher Al/Ti ratios. From the
change of Ti®** shown in the figure, the initial in-
crease is due to more Ti®* production at the ex-
pense of Ti*". When more TEA is added into the

system, all the Ti*" is transformed to Ti®*, and
over-reduction becomes dominant.

The situation is, however, quite different for
ethylene polymerization, where both Ti®* and Ti%*
are active for the polymerization reaction. Note
that as is shown in Figure 15, the increase in
catalyst activity could level off at a very high Al/
Ti ratio when all the Ti®" has been reduced to
Ti%*. If the Al/Ti ratio continues to increase, a
rate decrease similar to those observed from pro-
pylene polymerization can be obtained. However,
in this case, it is due to the over-reduction of Ti%"
to Ti*; the latter is not active for polymerization.

Example 3: Ethylene Copolymerization
with 1-Hexene

In order to study the cause of rate enhancement
in ethylene/a-olefin copolymerization, a detailed
experimental study was carried out by Calabro
and Lo* for ethylene copolymerization with 1-
hexene. These researchers observed that the rate
enhancement effect is sensitive to the point (in
time ) of hexene addition relative to the initiation
of polymerization. If hexene is present initially,
the effect is most pronounced. Furthermore, de-
laying the hexene injection to an ongoing ethylene
polymerization alters the observed kinetics only
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Figure 10 Polymerization reaction rates as a func-
tion of reaction time for a stirred bed gas phase reactor
system; the solid lines represent the model simulation,
the dotted lines represent the experimental observa-
tions. (a) Ethylene homopolymerization; (b) propylene
homopolymerization (T = 50°C, Al/Ti = 85.5, P¢, = 2.4
atm, Pc, = 3 atm).

if it occurs before the reaction attains maximum
activity. This is shown in Figure 16.

Using our proposed model, the experimentally
observed ethylene homopolymerization and copo-
lymerization rates are fitted in order to obtain the
model parameters (Table IV).

Figure 17 shows the comparison between the
experimental data and the model prediction,
while Figure 18 shows the diminishing rate en-
hancement effect simulated by the model; note
that Figure 18 predicts similar results as those
obtained experimentally (Fig. 16).

To further demonstrate the plausibility of our
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Figure 11 Model simulation: the dependence of ethyl-
ene and propylene homopolymerization rates on mono-
mer concentrations. The simulated reaction conditions
are the same as those in Figure 10.

results, in Figure 19, the concentrations of Ti3" -
type sites activated by the two monomers are
presented. Since 1-hexene is much faster than
ethylene in activating the potential sites, when
1-hexene is introduced simultaneously with eth-
ylene, all the available potential sites can be
activated immediately. If hexene is added after
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Figure 12 Elimination of solute TEA during the pro-
pylene polymerization; the dashed line represent the
kinetic curve for the unperturbed polymerization; the
solid lines represent those obtained after the elimina-
tion and re-introduction of TEA during the reaction (ex-
perimental data from Keii et al.'®).
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Table III Model Parameters for Propylene Polymerization Estimated from Data by Keii et al.®

Parameters Units Estimated Values
Effective AUTi (—) 0.9
kspd min~! 6.0 x 1072
Propylene Polymerization L amorphous polymer
Fe(Ti*) pIous poyy 5.0
mol, min
C; propagation k,(Ti*") L amorphous polymer 2.4 x 10°

mol, mol transition metal, min

ethylene has had the chance to participate in
site activation, the number of available poten-
tial sites decreases. As seen in the figure [ plots

8000 &
7000 | Addition of
6000 propylene

5000
4000
3000
2000
1000

0 | ‘ . e
0 50 100 150 200 250

Time (minutes)

s+ Keii, T. et al. (1982)
--------------- Model prediction
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Figure 13 Model simulation examining the effect of
TEA on catalyst deactivation during propylene poly-
merization; the dashed lines represent the kinetic curve
for unperturbed polymerization; the solid lines repre-
sent those obtained after the elimination and re-intro-
duction of TEA; triangles are experimental data from
Keii et al.'® (a) Reaction rate versus reaction time; (b)
evolution of Ti®" during the reaction.

(a)and (b)], if the addition of hexene is delayed
after the sites are fully activated by ethylene,
hexene loses its chance in the competition, re-
sulting in the fact that hexene has little effect
on the reaction rate. This effect is further en-
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Figure 14 Effect of Al/Ti ratio on propylene homopo-
lymerization rates; effective Al/Ti ratio of 0.5 (A), 1.1
(B), 1.4 (C), and 1.9 (D). (a) Reaction rate versus
reaction time; (b) change of Ti®*" during the reaction.
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Figure 15 Effect of Al/Tiratio on ethylene homopoly-
merization rate; effective Al/Ti ratio of 0.5 (A), 1.1 (B),
1.9(C), 2.5(D), and 5.0 (E). (a) Reaction rate versus
time; (b) change of Ti®* during the reaction; (¢) change
of Ti?* during the reaction.
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Figure 16 Experimental data examining the effect of
hexene addition on reaction kinetics of ethylene homo-
polymerization (ref. 45) (RMgX/TiCl,/TEA catalyst, T
= 80°C, Al/Ti = 80, C¢/C; = 2.08, Pc, = 4.8 atm).

hanced by the continuous reduction of Ti®** to
Ti%"; the latter site may not be activated by 1-
hexene.

Example 4: Reduction of Monomer Reaction Order
in the Presence of 1-Hexene

Using a stannic chloride modified TiCl,/MgCl,
catalyst system, Kryzhanovskii, Gapon, and Ivan-

Table IV Model Parameters for Ethylene/l1-Hexane Polymerization Estimated from Data

by Calabro and Lo*

Parameters Units Estimated Values
Effective Al/Ti (—) 1.2
kspd min* 1.8 X 1072

Site Activated by Ethylene

L amorphous polymer

k(Ti**, Ti%") ; 8.0 x 1072
mol, min
L h 1
C, propagation £,(Ti®") AMOTPTONS POYINEY 8.0 x 10*
mol, mol transition metal, min
ky(Ti%")
— 1.3
ko (Ti*") (=)
Site Activated by 1-Hexene I, amorohous polvmer
Fe(Ti) PTOUS POy 5.0
mol, min
L h, 1
C, propagation k£,(Ti®") AMOTpIous poymer 5.2 x 10*

mol, mol transition metal, min
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Figure 17 Reaction rates during ethylene homopoly-
merization and ethylene/hexene copolymerization
showing the experimental data*® and model prediction
(lines).

chev!! examined the dependence of ethylene reac-
tion rate on monomer concentration in a hexane
slurry reactor system. It was found that the reac-
tion order changes from about two in ethylene
homopolymerization to one in ethylene/hexene
copolymerization (Fig. 20). Using the same
model parameters as in example 3, this situa-
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Figure 18 Model simulation examining the effect of

delay time of hexene addition on an ongoing ethylene

homopolymerization reaction (line E), with delay time

of 0 min (A), 15 min (B), 30 min (C), and 60 min (D)

(model parameters are listed in Table IV).

4e-3
3e3 |
3e-3 |
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Figure 19 Change of monomer-activated sites during
the ethylene polymerization (line D) with delayed hex-
ene addition: delay time of 0 min (A), 15 min (B),
and 60 min (C). (a) Total Ti®" sites activated by both
ethylene and hexene; (b) Ti®* sites activated by 1-hex-
ene only.

tion is examined. As is shown in Figure 21, our
model without parameter fitting predicts a reac-
tion order change from 1.82 for ethylene homo-
polymerization to 1.14 for ethylene/hexene co-
polymerization.

CONCLUSIONS

Using a semi-batch gas phase stirred bed reactor
system, ethylene and propylene polymerization
experiments were conducted using a magnesium-



supported titanium catalyst. The experimental
design was aimed at examining the possible role
of the aluminum alkyl in site formation, as well
as the participation of monomer in site activation.

In order to capture various well-known kinetic
observations in supported titanium catalyzed ole-
fin polymerization, a mathematical model was
proposed; the model accounted for both potential
site formation by interaction of catalyst and coca-
talyst as well as monomer-involved site activation
steps. This model was based on two major as-
sumptions: (1) the catalyst activity with respect
to different monomers is directly related to the
oxidation state of the transition metal, and (2)
the differences in kinetic observations between
ethylene and other a-olefins is related to their
different reaction rate constants in forming active
sites.

Using this model together with parameters es-
timated from various sources, a wide variety of
kinetic features previously reported for MgCl,-
supported TiCl,/TEA catalyst systems has been
successfully predicted. These include the rate en-
hancement introduced by a-olefins, the effect of
Al/Ti ratios on kinetic aspects such as activity
and decay rate, and different reaction orders for
monomer concentration. This suggests that cou-
pled with suitable parameter estimation schemes,
the proposed model and methodology may be used
to successfully predict the behavior of a fairly
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0.07 0.1 0.2 0.3 0.5 0.7
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Figure 20 Change of reaction order with respect to
ethylene concentration after the addition of hexene: ex-
perimental observation from Kryzhanovskii, Gapon,
and Ivanchev! (SnCl;-modified TiCl,/MgCl, catalyst,
T = 80°C).
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Figure 21 Change of reaction order with respect to
ethylene concentration after the addition of hexene:
model prediction using same parameters as in example 3.

broad class of olefin polymerizations conducted
with supported catalysts.

The authors are indebted to the National Science Foun-
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Wisconsin Polymerization Reaction Engineering Labo-
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